Abstract. The shape of the open-closed boundary is studied using auroral oval crossings from up to four DMSP satellites, providing a maximum eight-point determination per hemisphere. The spectra of both precipitating ions and electrons are examined, and boundary crossings are determined by visual inspection. A subset of crossings with between six-and eight-point determinations observed during intervals spanning 15 to 58 min are used to form a cubic spline approximation to the open-closed boundary for each interval. The variability in the size, shape, and location of the boundary is characterized. Approximately half the time the points can be well fit by a circle, but for the remaining intervals the shape is more complex. The speed at which the boundary moves is estimated, and the accuracy of determining the amount of open flux from n observed boundary crossings is tested. When only one point is used to determine the open flux (by assuming an offset circle), the standard deviation of the relative error is 33%, dropping to 16% for a four-point measurement. The variation of the open flux with measures of solar wind coupling is tested and found to be roughly proportional. These findings have implications for space weather applications which require the construction of a data set of open flux.
Introduction
The recent emphasis on practical space weather developments makes it highly desirable to construct a quantitative data set representing the state of the magnetosphere. An especially important parameter is the amount of open flux in the polar cap. The research herein is driven by the practicality of constructing such a database.
Examination of the flux and energy spectrum of ions and electrons precipitating in the polar ionosphere can yield information as to the source of that precipitation. When a spacecraft that sees precipitation indicative of closed flux moves into a region that indicates open flux, a point on the boundary between open and closed regions has been found. A single such point can be (and has been) used to determine a circle about an assumed center as a crude estimate of the entire boundary. Obviously, if more points are used the estimate of the boundary's shape improves. How does the accuracy vary with the number of points? Is one point enough? What regularities does the boundary shape exhibit? In order to answer these questions the boundary must be surveyed using several simultaneous points at different local times. Our primary motivation for asking these questions is a desire to monitor the location of the polar cap boundary and so to track the amount of open flux. It is necessary to know which assumptions engender what uncertainties.
There are data from four DMSP satellites (F8-11) available during March 1992. This is an opportunity to combine up to eight nearly simultaneous observations of the boundary in order to answer these questions and search for regularities in the boundary's shape. Boundary crossings are determined by inCopyright 1998 by the American Geophysical Union.
Paper number 97JA02437. 0148-0227/98/97JA-02437$09.00 spection of the flux and energy of precipitating ions and electrons in the 32 eV to 30 keV range. We have assembled boundary crossings from 10 days during March 1992. When six or more crossings were available during intervals of less than 1 hour, both a fit to a circle and a cubic spline were used as estimates of the boundary shape.
Auroral images have also been used to study the shape of the open-closed boundary [Holzworth and Meng, 1975; Meng, 1979; Elphinstone et al, 1990] . There are several motivations for considering the technique presented here: (1) A 13-yearlong continuous data set of auroral crossings exists; (2) the boundary is determined in both hemispheres, equally well in sunlight and darkness (the DMSP imager does not even work in moonlight); and (3) there is greater sensitivity. Consider Plate 1: the high-latitude edge of the visible aurora is marked by vertical lines, yet a subvisual (< 0.25 ergs cm" 2 s -1 ) drizzle persists poleward of it, on closed field lines, until the arrows marking the open-closed boundary are reached. Other studies have also used measurements of ionospheric precipitation to determine the location of the open-closed boundary [Makita and Meng, 1984; Torbert et al, 1981] .
Boundary Crossings
Boundary crossings are determined by inspection of the flux and energy of precipitating ions and electrons in the 32 eV to 30 keV range as seen by the SSJ/4 detectors on DMSP F8-11 [Hardy et al., 1984] . Much work has been done on the classification of ionospheric precipitation and the determination of corresponding high-altitude sources [Newell et al., 1991 [Newell et al., , 1996 . For example, a sharp transition from precipitation characteristic of the plasma sheet to polar rain or void is a clear indication of the boundary. by visual inspection, if we could not confidently place the boundary to within -1° in magnetic latitude we chose not to use it (this is an upper limit, not an average).
The clearest boundary crossings were seen during southward IMF conditions when the cap is large and is sometimes filled with polar rain. The transitions during northward IMF conditions tended to be more ragged and many were discarded. Plate 2 is an example from a DMSP-F11 pass where most of the open flux is mantle (to the left there are also cusp and open LLBL precipitation regions). The transitions between open and closed flux are marked by arrows. (That this small region of LLBL is open is established by the presence of a low-energy cutoff in the ion energy spectrum, indicating that this is a region of recently opened flux. This signature is common near noon just equatorward of the cusp. Other than this special case, LLBL precipitation is indicative of trapped plasma on closed field lines and that is how we treat it. Regardless, the LLBL is rather thin latitudinaly, and treating it as open would not change our results to any large degree.)
The data from 10 days were examined, and 1294 boundary crossings were identified. From the assembled list, clusters of more than six crossings in the same hemisphere that fell within 1 hour of each other were grouped together. If such a group was well spread out in local time then it was used to estimate the boundary shape. There were a total of 87 such estimated boundary shapes.
The boundary crossings are located in a Cartesian rendering of altitude adjusted corrected geomagnetic coordinates [Baker and Wing, 1989] , where x and y are defined 
Boundary Shapes and Open Flux
Both a least squares fit circle and a cubic spline interpolation are used to estimate each of the 87 boundary shapes. The cubic spline is a smooth shape constructed to pass through each of the boundary crossings. It is a piecewise function for the radial distance to the boundary, each piece of which is a cubic function of the azimuthal angle that connects two points on the boundary. For those crossings that are close together azimuthaly (which might put an irregular kink in the shape) the spline is constructed to pass through their average position. Examples of these cubic spline interpolations appear in Figures 1, 2, and 3. In Figure 2 a least squares fit circle is also shown for comparison. The 87 intervals, each containing a group of between six and eight crossings, range from 15 to 58 min (Figures la and Ib respectively) and average 40 min in length. Circles that were fit to each of these intervals vary in radius from 10.7° to 20.6°. The quality of the fit to a circle was estimated by the standard deviation cr, which varied from 0.5° (Figure 2a ) to 4.8° (Figure 2b ) and averaged 1.8°. A circle is certainly an adequate approximation for the interval depicted in Figure 2a , but for many intervals this is not the case (e.g., Figure 2b as well as Figure 3a (o-= 2.5°) and Figure 3b (cr=2.1°) ).
Initially, we had hoped to construct boundary shapes of a less general nature (than the splines), perhaps parameterized by the location of its centroid (2 degrees of freedom), and by characteristic sizes of the dayside and nightside boundaries (2 more degrees of freedom) or something similar. Such schemes would require at least four crossings in order to determine four parameters. The boundary shapes we found defied any such simple representation exhibiting variations in the relative size from dayside to nightside (Figure 3 ) and the ratio of dawndusk to noon-midnight dimension (Figure 2 ), some were canted azimuthaly (Figure 3a) , and some exhibited other irregularities. Instead, a more general but tractable cubic spline representation was chosen.
The flux through the boundary was calculated with the boundary as represented in altitude adjusted corrected geomagnetic (AACGM) coordinates using a dipole field. AACGM coordinates are calculated by tracing IGRF field lines from the spacecraft location to the magnetic equator and dipole field lines back to the Earth. This mapping follows field lines and hence preserves magnetic flux. This guarantees that if we were to map one of our boundaries back into physical space and recalculate the flux using the IGRF field we would get the same answer. • 
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Plate 3. An example of a completely closed polar cap.
The flux through the boundary varied from 276 MWb (Figure 3a) to 976 MWb (Figure 3b ) and averaged 606 MWb. We did not identify many instances when the cap was as small as it is in Figure 3a because when it is small it can be difficult to resolve, and it is rare to have enough satellites reach a sufficiently high magnetic latitude. Sometimes the polar cap was completely closed (e.g., Plate 3) . The boundary is less circular when it is small, as can be seen in Figure 4 . The location of the center of the cap also varied. The x coordinate of its centroid varied from -9.5° to 2.1° while averaging -2.7° with a standard deviation of 2.3°, and the y coordinate ranged from -2.2° to 4.4° while averaging 0.6°w ith a standard deviation of 1.5°.
Accuracy of Boundary Shapes
We believe that the largest uncertainty in our boundary shapes is due to treating groups of boundary crossings as if they were simultaneous even though they were collected during intervals ranging from 15 to 58 min in length. How do we know that the boundary did not move during such an interval? The answer is that it probably did move but probably not by too much. The answer to this question is quantified by considering the separation in latitude and time of pairs of crossings that are within 5° of each other azimuthaly. (A slightly larger database is used here, that includes some additional intervals not included in our final list because they are over 60 min in length or have a poor spread in local time coverage.) A plot of difference in latitude versus difference in time for these points that are within 5° of each other azimuthaly appears in Figure 5 . The average separation in latitude is 1.9°, indicating that the boundary crossings in this data set should be treated as if they had an uncertainty of -2° (a rough estimate of the implied uncertainty in the flux yields -10%). The average separation in time is 18.8 min indicating that the open closed boundary moved at an average speed of 0.1°/min. An envelope containing the points in Figure 5 indicates a maximum boundary velocity of roughly 0.2°/min for the time and distance scales under consideration. It is clear from Figure 5 that future efforts that restrict themselves to intervals that are less then 20 min in length will be able to achieve higher accuracy than we do here, though it will take more spacecraft to obtain six to eight boundary crossings during such short intervals.
In Figure 6 the quality of each least squares fit to a circle (as measured by the standard deviation a) is plotted versus the duration of the interval. We attribute the slight but definite in- crease in cr for longer durations to the effect of the aforementioned boundary motion, though it should be noted that large departures from circularity can be seen for short durations as well as long durations.
Determination of the Open Flux From n Boundary Crossings
We have found that the shape of the open-closed boundary can vary quite extensively. Since it is rare to have four similar polar orbiting satellites simultaneously operating, any practical database will use less than eight-point fits. This raises the ques- The availability of boundaries determined from six to eight points provides the opportunity to answer this question. If we regard the flux determinations that use six to eight points as accurate, we can calculate the "error" that results from using only n points. Of course, this procedure yields the incorrect result that using six to eight points achieves perfect accuracy, but this procedure should provide a reasonable estimate for the uncertainty when n « 6. For n = I the open-closed boundary is taken to be a circle about an assumed center at (-3°,0). A histogram of the percentage error for n = 1 appears in Figure 7 . The width of this distribution can be characterized by the standard deviation, or =33%. This indicates that roughly 1/3 of the time one will be off by more than 33% when using just one point. We present the results of such determinations for n < 4 in Table 1 . A significant improvement is seen when more than one point is used. Note that even when the flux calculated with fewer points turns out to be accurate, this does not always mean that an accurate boundary has been found, since differently shaped boundaries can have the same flux through them.
Comparison with Solar Wind
Next, we examine the relationship between the amount of open flux and the solar wind. Unfortunately, only 14 of the 87 intervals have IMP 8 solar wind coverage, and they span too small a region of parameter space for concrete conclusions. Still, we can check for consistency with expectations. For each boundary an appropriately lagged interval of 15-s magnetic field data and 1-min plasma data was assembled. The intervals were of the same length as those used to accumulate the boundary crossings, with the addition of 15 min at the beginning to account for past merging (different lead times were Duration (minutes) Figure 6 . The standard deviation of the boundary crossings from their least squares fit circles versus the duration of the interval during which they were observed.
tried and 15 min worked best). In Figure 8 we plot the open flux versus average B z and note the resemblance to a half-wave rectifier response [Burton et al., 1975] , with some deviations. It is not surprising to see deviations from this average behavior for several reasons. First, there are the uncertainties involved with the determination of the open flux which have already been discussed. Second, we are comparing the net open flux with a measure of the rate at which closed flux is being opened without regard for the rate at which open flux is being closed. Third, there are a wide variety of empirical measures of solar wind-magnetosphere coupling [Reiff et a/., 1981; Gonzalez, 1990] with which to compare, and comparing with average IMF-# Z may be oversimplistic.
In principle, our results might be used to test various empirical measures of solar wind-magnetosphere coupling as predictors for the dayside merging rate. Unfortunately, we have only 14 data points and they are not well separated in parameter space. Nonetheless, hundreds of formulas were tried (multiply nested DO loops varied the exponents of several test formulae) and several achieved fair agreement. Of the more conventional formulas, the best fit was achieved with ..HI-. (1) is similar to Akasofu's epsilon parameter (e = v B tr 2 sin 4 (0/2)) which was one of many similar formulae that performed comparably.) In Figure 9 we plot the open flux versus £, together with a least absolute deviation line having an average deviation of 74.0 MWb. The agreement is fairly good considering that we are neglecting any measure of the rate at which open flux is being closed. It should be emphasized that due to the small number of points and their limited coverage of parameter space, we cannot conclude that this formula is better than others we have tried, just that it works satisfactorily and that the fluxes we determine are consistent with solar wind conditions.
Summary and Conclusions
The practicality of constructing a space weather data set of open polar cap flux was investigated. Crossings of the openclosed boundary by DMSP satellites were identified and used to construct 87 cubic spline approximations to the boundary. Extensive variability was seen in the size, shape, and location of the boundary precluding the use of many possible simplifying assumptions in its description. The reliability of the flux determination for rc-point fits was determined for n = 1 to 4. When only one point was used to determine the open flux, the standard deviation of the error was 33% while for a four-point fit it decreased to 16%. Thus, for a one-point fit the error should exceed 33% roughly 1 in 3 times. This suggests that one point is not adequate, and we recommend using at least three to four well spaced points.
The boundary was found to move with an average speed of 0.1°/min and with a maximum speed of 0.2°/min, on a timescale of tens of minutes. This implies that greater accuracy could be obtained by using intervals of duration less than 30 min, though this would be difficult without more spacecraft.
The amount of open flux was found to be well correlated with high time resolution estimates of the coupling to the solar wind. The solar wind coverage was too thin, however, for the various estimates of the solar wind coupling to be reliably tested against each other.
